ABSTRACT: Poly(fluorene-alt-thiophene) (PFT) is a conjugated polyelectrolyte that self-assembles into rod-like micelles in water, with the conjugated polymer backbone running along the length of the micelle. At modest concentrations (∼10 mg/mL in aqueous solutions), PFT forms hydrogels, and this work focuses on understanding the structure and intermolecular interactions in those gel networks. The network structure can be directly visualized using cryo electron microscopy. Oscillatory rheology studies further tell us about connectivity within the gel network, and the data are consistent with a picture where polymer chains bridge between micelles to hold the network together. Addition of tetrahydrofuran (THF) to the gels breaks those connections, but once the THF is removed, the gel becomes stronger than it was before, presumably due to the creation of a more interconnected nanoscale architecture. Small polymer oligomers can also passivate the bridging polymer chains, breaking connections between micelles and dramatically weakening the hydrogel network. Fits to solution-phase small-angle X-ray scattering data using a Dammin bead model support the hypothesis of a bridging connection between PFT micelles, even in dilute aqueous solutions. Finally, time-resolved microwave conductivity measurements on dried samples show an increase in carrier mobility after THF annealing of the PFT gel, likely due to increased connectivity within the polymer network.
INTRODUCTION
Conjugated polyelectrolytes (CPEs) are a class of polymers that consist of a π-conjugated backbone with ionic pendant groups. 1−4 Due to their charged side chains, CPEs can selfassemble into various motifs, including nanoparticles 5−7 and rods. 4, 8, 9 This assembly is driven by the kinetics of polymer aggregation in various solvents and can result in changes of the polymer's physical and electronic properties, including the polymer's absorption 10, 11 and conductivity. 8 Because assembly offers control over such a range of properties, these materials have been integrated into OPVs, 12−14 sensors, 15, 16 and biomedical imaging. 17−19 We have also used the rod-like CPE that is the focus of this work to create assemblies with water soluble fullerenes that upon photoexcitation lead to extremely long-lived separated charges (polarons) that do not recombine for days to weeks. 20 CPEs also have the ability to form hydrogels if the building blocks self-assemble into extended structures, in much the same way that molecules like cetyltrimethylammonium bromide (CTAB) can be induced to form long worm-like micelles that result in gel formation. 21 Polymer hydrogels consist of a threedimensional (3-D) network held together by either chemical or physical means. A chemical hydrogel requires cross-linkers to create an interconnected network, 22−24 whereas a physical hydrogel network is held together by electrostatic interactions, van der Waals forces, hydrogen bonds, and so forth. 25, 26 In this work, we specifically examine a novel type of hydrogel network where polymer micelles are connect by bridging polymer chains that coassemble with multiple micelles, resulting in a robust gel network.
The sub-10 nm structure of most gel networks is challenging to characterize through standard methods such as transmission electron microscopy (TEM) because these disordered networks lack both periodicity and electron density contrast, as they consist mainly of carbon, and the structure can change upon drying. To address this problem, in this work, we use cryo electron microscopy (cryoEM) to observe the existence of an interconnected network of rod-like micelles for a CPE. This is then complemented by solution-phase small-angle X-ray scattering (SAXS), Dammin bead modeling, and rheology measurements, all of which are indirect methods used to test hypothetical real-space models of the hydrogel's structure.
The gel structure of CPEs is essential to their implementation in electronic devices. For example, in organic photovoltaics (OPVs), a continuous nanostructured polymer network is required for extraction of charges out of the devices. 27 If discontinuous networks form due to polymer aggregation kinetics or phase separation from a second OPV component, then photogenerated current is lost. Thus, the advantage of forming fully interconnected polymer networks from selfassembling CPEs is that this provides a route to create thermodynamically stable films with a beneficial function for optoelectronic devices.
In this study we show that the CPE, poly(fluorene-altthiophene) (PFT; see Figure 1 for the chemical structure) selfassembles into a network of cylindrical micelles in solution.
CryoEM provides a visualization of the polymer micelles that form in dilute solutions. Using solution SAXS in combination with Dammin bead modeling, we are able to determine the average size and shape of the micelles as well as the branching structure. Oscillatory mechanical rheometry is then used to measure the viscoelastic moduli and yielding behavior of the polymer network, and from this measured strength, we are able to postulate the types of connections that promote PFT gel network formation. We next show that the gels become stronger upon annealing with tetrahydrofuran (THF) and use Dammin bead modeling to visualize the annealing process. Finally, time-resolved microwave conductivity (TRMC) is used to show how THF annealing increases charge carrier mobility through the gel network.
EXPERIMENTAL SECTION
Polymer synthesis was performed as previously reported. 8 To further purify the PFT into high-and low-molecular-weight (MW) fractions, 250 mg of PFT was dissolved in 5 mL of DMSO. Once dissolved, ethyl acetate was added to the PFT/ DMSO solution until the polymer began to precipitate out of solution. Centrifugation was then used to pull the precipitated PFT out of the suspended solution. After pouring off the solution and drying the PFT, the solid that remained had a fairly high MW, and for the rest of this paper, we refer to this fraction as high-MW PFT. More ethyl acetate was then added to the remaining solution, and the rest of the polymer precipitated out of solution, producing the fraction that we refer to as low-MW PFT. All structural and rheological studies were then performed on samples made by dissolving this sizeseparated PFT in water at various concentrations.
THF annealing of aqueous PFT solutions was performed by adding 0.05 mL of THF to 0.5 mL of H 2 O containing various amounts of PFT. PFT gels became liquid upon addition of THF. The THF was then removed by heating and stirring the sample at 80°C for 4 h. Any water evaporated in this process was added back to the solution to keep the total polymer concentration constant before and after THF annealing.
CryoEM imaging grids for TEM were prepared by placing a small drop (∼4 μL) of sample solution onto a glow-discharged holey-carbon mesh (Quantifoil 200 mesh grids) with 3.5 μm holes spaced 1 μm apart. The grids were then blotted and plunged immediately into liquid-nitrogen-cooled liquid ethane to rapidly freeze the samples into vitrified ice. The cryoEM grids were visualized with an FEI Tecnai F20 transmission electron microscope with an accelerating voltage of 200 kV. Images were collected at ∼50 000× magnification with a underfocus of approximately 3 μm.
SAXS experiments were conducted at the Stanford Synchrotron Radiation Lightsource (SSRL) on Beamline 4-2. Using a syringe, 100 μL of each sample was loaded into a quartz capillary and held at 25°C. Scattered X-rays (at 12 keV) were collected with a Rayonix MX225-HE detector (sample to detector distance = 1.7 m). The 2-D data were radially averaged to obtain 1-D scattering curves.
Raw solution SAXS data were fit and smoothed using Gnom, and bead modeling was performed on the smoothed data using Dammin, a Monte Carlo type modeling software that uses beads and solvent to create shapes that could have generated the experimental curves. The expert setting was used, and the bead size was set to have a radius of 5 Å, corresponding to the width of a single polymer chain. The diameter of the sphere was The Journal of Physical Chemistry B Article set to be 140 Å. Each data set was run at least five times to ensure that trends were reproducible. Only a subset of the overall data is shown in the figures.
Rheological properties were measured on a Rheometrics RFS2 strain-controlled rheometer. The geometry used was the cone-and-plate for both strain-sweep and frequency-sweep experiments. Strain-sweep measurements were performed at a frequency of ω = 1 rad/s, and the frequency-sweep measurements were performed at a shear strain of γ = 5%, corresponding to the linear response regime.
Flash photolysis TRMC was used to measure photoconductivity via methods that have been previously reported. 28−31 Briefly, samples for microwave conductivity measurements were deposited onto 10 × 24 mm quartz substrates that were cleaned by subsequent ultrasonic baths in detergent, deionized water, acetone, and isopropanol for 10 min each. Samples were placed into an X-band microwave cavity terminated with a grating that is transparent to optical excitations but reflective to microwaves. The samples were excited through the quartz substrates by a 5 ns, 500 nm laser pulse produced from an optical parametric oscillator (Continuum Panther) pumped by the 355 nm harmonic of a Qswitched Nd:YAG laser (Continuum Powerlite) with a typical fluence of 0.56 mJ/cm 2 . The intensity of the excitation was controlled by switchable neutral density filters. The photoinduced carries absorbed the incident microwaves, and the change in microwave power was measured and related to the conductance, ΔG, of the sample. 32 From ΔG, the product of the yield of the free charge carriers generated per photon absorbed, φ, with the sum of the mobilities of these carriers, ∑μ, can be calculated as φ∑μ = ΔG/(βq e I 0 F A ), 32 where I 0 is the photon flux of the excitation beam incident on the sample, F A is the fraction of absorbed photons at the excitation wavelength, β = 2.2 is a geometric factor, and q e is the elementary charge.
RESULTS AND DISCUSSION
The chemical structure of PFT is shown in Figure 1a . This CPE can form micelles in water because of its amphiphilic character and because each monomer unit has an overall wedge shape with a large hydrophilic volume and a small hydrophobic volume; the hydrophilic volume stems from the tetrahedral carbon on the fluorene unit where the charged side chains attach. 8, 33 These factors, combined with the fairly linear nature of the PFT backbone, allow PFT to assemble into rod-like micelles where the backbone of PFT runs along the long axis of the micelle, as shown by the cartoon illustration in Figure 1b . The assembly of these charged PFT polymer chains into micelles keeps the hydrophobic polymer backbone away from the aqueous solvent without forcing the polymer to coil into enthalpically unfavorable conformation that breaks the π-bonding in the polymer backbone. Despite the loss of conformational entropy in the polymer micelle, assembly is entropically favorable because when hydrophobic groups come into contact with water, they generally cause ordering of the water in order to preserve the aqueous hydrogen bond network and thus decrease the entropy of water. The PFT structure was characterized in detail for low-MW material in our previous work. 8 For higher MW samples, at concentrations as low as 10 mg/ mL, PFT forms a hydrogel, as seen in the photograph of the inverted vial shown in Figure 1c . The MW of the PFT is critical to the formation of the gel network; thus, size-selective precipitation was used to obtain both high-and low-MW fractions of the synthesized material, as described above. While the high-MW polymer readily gels, the low-MW polymer does not form a gel network, indicating that the interactions between polymer micelles in the gel network depend on the polymer chain length. Unless explicitly stated otherwise, all of the experiments described below use only the high-MW polymer fraction.
3.A. Direct Structural Characterization of PFT Gels Using CryoEM and SAXS. Using cryoEM on dilute aqueous PFT solutions (Figure 1d ), we can observe both the micellar nature of the PFT assemblies and interconnections between those micelles, which should lead to hydrogel formation at higher concentrations. The cryoEM samples were prepared by flash-freezing a droplet of PFT solution, as described above. The images produced show both micelles that are in the plane of the image, which appear as rods, and micelles standing on end, which appear as darker spots. From this data, we can measure the diameter of the micelles to be about 4 nm, a size that correlates well with solution SAXS data published previously. 8 The cryoEM data provides clear evidence for PFT micelle formation and for the formation of interconnections between micelles, but because of the limited region that can be imaged at one time, it does not provide good statistical data on the average structure of the sample as a whole. The Journal of Physical Chemistry B
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To further study the structure of the PFT micelle system, we thus turned to solution SAXS. Solution SAXS has been used extensively to examine the nanometer-scale structure of assemblies in solution. 34−36 By fitting the scattered intensity to a power law, I = q −α , we can relate the exponential slope, α, to the structure of the polymer in solution. Figure 2a shows that the scattering from high-MW PFT fits to two distinct slopes: α = 1.5 at low q and α = 3.7 at high q. The low-q slope of 1.5 is indicative of a rod-like shape at large distances, concomitant with the length of a rod; the high-q slope of 3.7 is indicative of a sphere-like shape, concomitant with the radius of the rod. This SAXS-determined rod-like shape correlates well with the micelle shapes observed by cryoEM. Similar power law behavior can also be seen for low-MW PFT (Figure 2b) .
Along with the power law analysis, the data can also be fit with a bead model to learn more about the detailed network structure. To do this, the raw data can be fit using the software Gnom to enable smoothing of the data before bead model analysis. The Dammin bead model fits this smoothed data and outputs a structure that is in statistical agreement with the scattering data. 37 Comparing bead model fits for aqueous solutions of high-and low-MW PFT (Figure 2c and d, respectively, with more bead model fits shown in Figure S1 of the SI) indicates that the network formed by the high-MW PFT has a more branched structure than that formed by low-MW PFT. As stated above, the low-MW polymer does not form a gel, while the high-MW PFT does. From this data, we thus postulate that the low-MW polymer is present mostly in the form of discrete polymer micelles, while the high-MW PFT forms a branched network that leads to gel formation. The base unit of this polymer hydrogel, as indicated by cryoEM, SAXS, and these Dammin bead model fits, is a rod-shaped polymer micelle.
3.B. Understanding Connections in the Gel Network via Rheology. With the basic structural element in hand, we now turn to rheology measurements to help determine how that polymer network is held together. Rheology is the study of the deformation or flow of matter and is one of the most useful techniques for studying the physics of a gel network. 38 The two components of the linear complex viscoelastic modulus, G*, are the elastic storage modulus (G′, the in-phase or real part) and the viscous loss modulus (G′′, the 90°out-of-phase part). The storage modulus reflects the material's capacity to elastically store energy resulting from shear excitations, and the loss modulus reflects its capacity to dissipate energy. 39 Strictly speaking, G′ and G″ are well-defined only at very small strains (γ) in the linear response regime, but it is customary to measure these properties for very large strains beyond the yield point and still refer to them as G′ and G″, even in the nonlinear regime. Solids typically have G′ > G″ over a large frequency (ω) range, extending to low frequencies. At fixed ω, constant behavior of G′(γ) and G″(γ) in the limit of small γ indicates linear behavior; at larger γ beyond the linear regime, a drop-off in G′(γ) and a peak in G″(γ) signify yielding behavior, beyond which dominantly viscous flow occurs at very high strains. By studying the viscoelastic response of a CPE hydrogel under The Journal of Physical Chemistry B Article various strain and frequency studies, we can infer a great deal about the structure of the gel network.
We begin our rheology experiments with a gedanken model for the structure of the gel network and then attempt to prove or disprove that model. Given the micellar nature of PFT in solution, the very low concentrations where PFT begins to gel, and the fact that PFT has no significant potential to make either covalent or hydrogen bonds between polymer chains, we hypothesize that it is the micelle formation itself that results in gel formation. For example, single linear polymer chains can be incorporated into two different micelles, linking the micelles together in much the same way that bridging actin fibers connect actin bundles in actin gel networks. 40 We can describe these bridging polymer chains as "sticky ends" because in the absence of a second PFT micelle, a dangling polymer chain end likely to adopt a high-energy, coiled conformation in aqueous solution, which would prefer to associate with another polymer micelle.
We can study the response of these PFT hydrogels under constant strain or constant frequency to help determine the PFT network structure. Figure 3a and b shows the values of G′(γ) and G″(γ) as a function of strain amplitude at a constant frequency of 1 rad/s for gels with concentrations of 10, 7.5, and 5 mg/mL. As expected, both the G′(γ) and G″(γ) values of the PFT gel increase as the polymer concentration increases, indicating that more concentrated gels have more interconnections. The elastic storage modulus for PFT shows a linear viscoelastic regime, where the modulus does not change with strain amplitude. The 10 and 7.5 mg/mL samples both show a decrease in G′(γ) at large strains, which indicates yielding. As expected, the yield point is higher for the softer 7.5 mg/mL gel. The softest 5 mg/mL hydrogel yields the highest strains and shows a peak in G′(γ) before G′(γ) decreases and the gel begins to flow; at that point, G″(γ) is significantly larger than G′(γ). For all samples, G″(γ) begins with a linear viscoelastic regime but has an increase or peaks at high strains before decreasing similarly to G′(γ).
Structurally, the elastic modulus (G′(γ)) reflects the number density of junctions in the polymer network, whereas the viscous modulus (G″(γ)) can reflect relaxation of elastic structures such as entanglements or connections that are being broken and formed dynamically under entropic microscopic excitations. The peak observed in G″(γ) for all samples is indicative of the yield point of a dominantly elastic material, where the shear excitations far exceed entropic excitations and elements within the material are excited by the shear strain into shapes that are no longer similar to those at thermal equilibrium. For G′(γ), if the polymer chains that bridge between micelles are disrupted, it should create more unbound sticky ends, which should be loosely coiled due to steric constraints. 41 Because the 10 and 7.5 mg/mL samples are too concentrated to allow the polymer chains to reorient, an increase in G′(γ) at high γ is not observed before the material yields. This behavior is common in many polymer solutions and hydrogels. 42, 43 In contrast, the 5 mg/mL samples show strain hardening in G′(γ); this increase in the elastic moduli is expected because lower concentrations mean fewer connections between micelles and thus a weaker PFT network. When a large enough strain is applied to the system, it disrupts both the polymer micelles and the network. The sticky ends can then reorient to bridge with other micelles in a more ideal configuration, resulting in an increase in the number of junctions of this system. The observation of strain hardening in G′(γ) as lower concentration is thus constant with the idea that bridging polymer chains are responsible for the formation of the PFT network.
Another important parameter that we can take from this polymer rheology study is the yield strain % of the gel. The yield strain % of the hydrogel, shown in Figure 3c , is the point where the strain amplitude applied to the system is sufficient to cause the network to break so that the entire system begins to flow (the stress/strain curves that were used to determine the yield strain % are available in Figure S2 of the SI). 44 In the case of PFT micelles, the bridging polymer chains would need to detach from one micelle, allowing the samples to become liquid-like. There is only a slight difference between the yield strain percentages for the 10 and 7.5 mg/mL gels. However, the 5 mg/mL gel has a yield strain that is more than twice as high as the 10 and 7.5 mg/mL gels. This increase in yield strain % results from the lower density network that has the ability to dynamically reform junctions as strain is applied. Thus, the conclusions about the network from examining the yield strain % of the gel agree well with the conclusions gleaned above from the elastic and viscous moduli.
Frequency-dependent measurements can be used to gain further insight about the nature of the gel. The frequency study in Figure 3d was performed at a constant strain amplitude of 5%, chosen to be in the plateau region for all gel samples. As in the strain amplitude measurements, we find that G′(ω) is always higher than G″(ω), proving that we have a solid-like gel. Also, as higher-frequency oscillations are applied to the PFT gel, the slopes of the curves remain close to zero. This lack of response with increased frequency is also characteristic of physical gels because the network is strong enough to resist changes. 36 This implies that even though these are not exceptionally strong gels, the interactions that hold the gels Figure 4 . Dammin bead models from SAXS experiments (see the SI) on samples of high-MW PFT before THF annealing, after addition of THF, and after THF removal. Before THF annealing, the high-MW PFT shows a branched morphology. Upon addition of THF, however, the gel structure disassembles to either single PFT micelles or individual polymer chains. When THF is removed, the system shows an even higher polymer density that is representative of a more branched gel network.
The Journal of Physical Chemistry B Article together are quite robust. The viscous modulus for the 5 mg/ mL sample does vary more with frequency than do those for the 10 and 7.5 mg/mL samples, likely due to the fact that the 5 mg/mL sample contains a much less connected gel, and therefore, it is easier to reorient the micelles in this sample at high frequencies. These frequency measurements thus provide further information about the bridged PFT network.
3.C. THF Annealing of PFT Hydrogels. Studying the chemical factors that destroy these PFT hydrogels also can provide information about what holds them together. For example, the gel network is destroyed when aqueous PFT solutions are exposed to THF. 45 Upon removal of the THF from the polymer system by thermal evaporation, the gel network reforms. We hypothesize that this behavior arises because THF can enthalpically stabilize the coiled sticky ends of polymer chains that used to bridge between micelles, allowing the system to break the connections between micelles.
The THF annealing process for PFT hydrogels can be followed by SAXS and analyzed with Dammin bead modeling as well as rheology. Figure 4 shows representative bead models for PFT samples before THF annealing, with THF present, and after removal of the THF (more bead models are available in Figures S3 and S4 of the SI). The effect of adding THF to the aqueous micelle system is clearly observed by the loss of branching in the micelle network. The width of the structure decreases to approximately the width of a single bead, indicating that THF causes the solution to become either single solvated PFT chains or much smaller micelles. Upon removal of the THF, the PFT network becomes stronger, with the plateau modulus increasing from 3380 to 4080 dyn/cm 2 , as seen in Figure 5a . Apparently, the gel network reforms in a more interconnected state than it is able to attain initially, presumably because network formation is kinetically limited when samples are first prepared. In agreement with this idea, Dammin modeling indicates that upon removal of the THF, both the branched structure and the width of the polymer micelles are restored (the raw scattering data with fit is available in the SI, Figure S4) . Interestingly, the branching density increases, indicating that the postannealed gel network contains more interconnected polymer micelles, compared to its preannealed counterpart. Thus, both the SAXS and rheological studies support the idea that THF-annealed PFT gels have a more interconnected network.
If THF annealing increases the density of network connections, then it follows that THF annealing should also increase the conductivity of the PFT network. TRMC is a unique tool that allows for measurement of the photoconductivity of solid-state films without a need for electrical contacts. 46, 47 In TRMC, photoinduced carriers are created by a laser pulse incident on the sample. These mobile carriers then absorb microwaves as they are induced to move by the microwave electric field, and the change in microwave power is measured. The change in microwave power is proportional to the local nanometer-scale photoconductivity of the sample, which is the product of the mobile carrier yield per photon absorbed, φ, and the sum of the mobilities of the carriers, ∑μ (the carriers in this case are both electrons and holes, as discussed in the Experimental Section). Figure 5b shows that films produced from PFT solutions (diluted from gels) that have been THF-annealed have a 6-fold increase in the φ∑μ product. If we assume that the carrier yield is comparable in all of the PFT gel samples (a reasonable assumption given their identical chemical nature and absorption of the pump laser), then the carrier mobility must be higher in the THF-annealed sample. We attribute this increased mobility in part to the increased number of connections between polymer micelles, as observed in Dammin bead models and discussed above. In addition, it is likely that THF annealing also decreases chain coiling and thus increases the intrinsic polymer mobility. While we do not have any direct structural measure of polymer chain conformation, increased bridging likely means that some chains that were coiled are now bridging between micelles. Moreover, it has been shown that kinks and bends in polymer chains cause trap sites that reduce carrier mobility. 48, 49 Extending the conjugation length of the polymer by having longer straight sections has also been shown to increase charge carrier mobility at microwave frequencies. 50 The significant increase in microwave conductivity thus suggests that in addition to making more interconnections between micelles, THF annealing may also increases the polymer ordering within micelles, a fact that is consistent with the observed increase in the plateau modulus.
3.D. Understanding Gel Network Structure via Mixing of Low-and High-MW PFT. Although all of the experiments described above provide information about the nature of these PFT hydrogels, they do not concretely prove that bridging polymer chains act as sticky ends that link micelles together. Thus, to further investigate this idea, we can take advantage of the fact that the polymer synthesis provides us with both highand low-MW fractions (obtained by size-selective precipitation, as discussed above). To this end, we selectively recombined the high-and low-MW PFT with different ratios but maintained Figure 5 . (a) Strain-dependent curves comparing high-MW PFT gels before (black) and after THF annealing (red). An increase is observed in both G′(γ) and G″(γ), suggesting a more robust network after THF annealing. (b) TRMC photoconductances measured on dried films cast from high-MW PFT solutions; films were cast before (black) and after THF annealing (red). Because the number of carriers created is not expected to change, the data show that THF annealing provides an overall increase in carrier mobility.
The Journal of Physical Chemistry B Article the same overall polymer concentration. In this way, we can test how the low-MW PFT, which does not form a gel, interacts with the gel-forming high-MW PFT. Figure 6a and b shows G′(γ) and G″(γ), respectively, for a series of samples that all have a total PFT concentration of 10 mg/mL but are made up of different fractions of low-and high-MW polymer. The samples contain polymer ratios of 9 mg high-MW PFT to 1 mg of low-MW PFT (9:1), 8 mg high-MW PFT to 2 mg of low-MW PFT (8:2), and 7 mg of high-MW PFT to 3 mg of low-MW PFT (7:3). As a control, we also made a pure high-MW 10 mg/mL PFT sample (10) that has no low-MW PFT; this sample forms the strongest gel and thus provides a standard of comparison for the mixed-MW PFT samples. The figure shows clearly that there is an order of magnitude decrease in the plateau modulus between the 10 mg/mL and the 9:1 samples and another order of magnitude decrease between the 9:1 and 8:2 samples. The plateau modulus for the 7:3 sample is yet another four times lower than that for the 8:2 sample.
This dramatic decrease in the strength of the gel is caused not just by the decreasing amount of high-MW polymer but also by the addition of the low-MW PFT. For example, the pure 7.5 mg/mL high-MW sample in Figure 3a has a G′(γ) plateau value of 575 dyn/cm 2 , where the 7:3 sample, which contains essentially the same amount of high-MW polymer, has a G′(γ) plateau value of just 4.5 dyn/cm 2 . We postulate that the reason for the decrease in gel strength is that the low-MW polymer is able to cap or passivate the sticky ends of the high-MW PFT, allowing dangling high-MW polymer chains to achieve an enthalpically favorable conformation without the entropic constraints of bridging between micelles.
We can obtain even more information about the mixed-MW samples by again focusing on the strain hardening observed in the elastic storage modulus (Figure 6a and b) . The pure 10 mg/ mL PFT samples and the 9:1 samples show only yielding behavior, whereas the 8:2 and 7:3 samples show strain hardening at higher strains. This suggests that there are still sufficient interconnections in the 9:1 sample to prevent dynamical network reformation under strain. However, with the 8:2 and 7:3 samples, the potential bridging polymers from some micelles are capped with the low-MW PFT; therefore, when strain is applied, the remaining polymer bridges are flexible enough to transiently disengage and reform in a more optimized configuration. Moreover, the increase in yield strain % seen in Figure 6c (the stress/strain curves are shown in Figure S5 of the SI) is much more dramatic than the increase found in Figure 3c with increasing gel dilution. This again indicates that low-MW PFT actively interacts with the high-MW polymer to break connection between micelles.
Although the data presented above provides strong indication that low-MW PFT disrupts the gel network, the fact that the total amount of high-MW PFT is not constant in these samples complicates the issue. We thus performed a second set of experiments using a fixed concentration of high-MW PFT and a varying total polymer concentration. For this experiment, the concentration of high-MW PFT was kept at 10 mg/mL, and low-MW PFT was added in 1, 2, and 3 mg amounts (10:1, 10:2, 10:3).
As above, Figure 6d and e shows a decrease of G′(γ) and G″(γ) upon the addition of low-MW PFT, despite the fact that the total polymer concentration increases. The decrease of the elastic modulus after addition of 1 mg of low-MW PFT is roughly an order of magnitude, although it is less than that observed in Figure 6a for the 9:1 sample. Indeed, the plateau moduli monotonically decrease as more low-MW PFT is added to the system. Normal yielding behavior at high strains in G′(γ) is observed for the 10:1 and 10:2 samples, but the 10:3 sample again shows slight strain hardening at high strains. It follows that the 10:1 and 10:2 samples still exhibit significant micelle bridging as the ratio of low/high-MW PFT is not high enough to effectively break up the gel network. However, in the 10:3 samples, enough low-MW PFT is present to passivate the sticky Figure 6 . Rheological studies of PFT hydrogels made using various mixtures of low-and high-MW polymer. (a−c) Strain-dependent elastic modulus (a), viscous modulus (b), and yield strain (c) for PFT hydrogel made with a constant total polymer concentration (10 mg/mL) but different ratios of low-MW PFT to high-MW PFT. As more low-MW PFT is added, the hydrogel strength decreases, implying that the low-MW PFT is decreasing the amount of bridging polymer chains in the sample. (d−f) Strain-dependent elastic modulus (d), viscous modulus (e), and yield strain (f) for hydrogel samples made with a fixed concentration (10 mg/mL) of high-MW PFT combined with various amounts of low-MW PFT (1, 2, and 3 mg/mL). As low-MW PFT is added to high-MW PFT, the strength of the hydrogel decreases even though the overall polymer concentration is increasing.
The Journal of Physical Chemistry B Article ends of the polymer micelles and disrupt the network. The yield strain % in Figure 6f also steadily increases as low-MW PFT is added, but the increase is not as large as that in Figure  6c (the stress/strain curves are shown in Figure S5 of the SI). This data thus indicates that both the total concentration of high-MW polymer and the low-MW/high-MW ratio interplay to control the density of connections within the network.
The structural effects of adding low-MW PFT to high-MW PFT were further analyzed using solution SAXS and Dammin bead modeling on dilute 1 mg/mL samples. Figure 7a and b shows fits for the 9:1 and 7:3 and for the 10:1 and 10:3 high-MW/low-MW samples, respectively (see Figures S6−S9 in the SI for additional bead models). When comparing the 9:1 and 7:3 samples, we find that although the total polymer concentration is the same, the density of beads in the two models differs, indicating that in the 7:3 sample, a larger fraction of the polymer chains are individually dissolved (or form very small aggregates that are too small to see in the scattering vector range used for this experiment). The 9:1 sample contains a higher density of beads, indicating larger aggregates in solution and higher branching. The 10:1 and 10:3 samples show a similar trend, even though a higher bead density might have been expected for the 10:3 sample due to the higher total polymer concentration. Indeed, even though the 10:1 sample contains less polymer and the same amount of high-MW PFT as the 10:3 sample, a higher overall bead density is observed, again indicting larger aggregates with increased branching in solution for the 10:1 sample. This supports the idea that low-MW PFT caps the sticky ends of bridging high-MW PFT strands, resulting in less aggregate branching and more linear, single rod structures in samples containing larger amounts of low-MW polymer.
CONCLUSIONS
In this study, we examined the network structure of semiconducting polymer PFT hydrogels. TEM and SAXS were employed to examine the micellar building blocks of the hydrogel, and Dammin models were used to analyze the solution SAXS data to visualize the network structure. All of these data support the hypothesis of a hydrogel network built from rod-like micelle primary units. Rheology was used to examine interconnections within the gel network, and a combination of TRMC and rheology indicated that a more interconnected and potentially more locally ordered network was formed after THF annealing of the gel. Bead models and rheology studies on aqueous solutions of mixed low-MW and high-MW PFT were used to further our understanding of the interactions that hold this semiconducting polymer gel network together. All of the data strongly support a picture where the gel network is held together by polymer chains that bridge neighboring micelles by coassembling with more than one micelle based on amphiphilic interactions. These bridging polymer chains, or sticky ends, can be disrupted by shear force, by the addition of organic solvents such as THF, or by adding low-MW polymers that can coassemble with the sticky ends in a nonbridging fashion.
A key conclusion that comes from this work is the fact that high-MW polymer chains bridge between micelles, offering the potential for facile electrical conductivity within the 3-D gel network. Although direct electrical measurements on the hydrogel network are complicated by the high conductivity of water, our TRMC results on dried networks show great promise for future device applications. The strongly interconnected nature of these conjugated polymer hydrogel networks could be ideal for a variety of polymer-based electronic devices as they rely on good 3-D conductivity in a heterostructured network.
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The authors declare no competing financial interest. . Dammin bead models of SAXS experiments for the same mixed high-MW/low-MW PFT hydrogel samples whose rheology is explored in Figure 6 . Samples with a constant overall polymer concentration are shown in (a), and samples with a constant concentration of high-MW PFT are shown in (b). In both (a) and (b), the density of the beads in the fitting box decreases as low-MW PFT is added to the high-MW PFT. This suggests that low-MW PFT caps the sticky ends of the high-MW PFT micelles, creating smaller aggregates that are hard to see in the SAXS experiment. For example, the total polymer concentration of the 10:3 sample is quite a bit higher than that of the 10:1 sample, but the bead density is higher in the less concentrated 10:1 sample because it contains less low-MW polymer and thus larger aggregates. 
